SUMMARY The fluid and cellular phases of the inflammatory response were measured using a technique employing subcutaneous implantation of polyurethane foam cubes impregnated with heat-killed Mycobacterium tuberculosis. Flurbiprofen and prednisolone were equipotent and were capable of almost completely suppressing fluid and cellular responses, while alclofenac was less potent at nontoxic dose levels. Study of the patterns of cellular exudation by image analysing computer showed that alclofenac appears unique in that it produces a well-defined cell-free zone between the edge of the implanted cubes and a band of neutrophil polymorphs within the cubes.
A model for studying the anti-inflammatory action of drugs in the rat has been developed in this laboratory (Clarke et al., 1975) using the subcutaneous implantation of polyurethane cubes impregnated with an irritant. When removed 5 days after implantation, the cubes can be analysed separately for the protein content of the fluid exudate and for cellular exudation. Using this method to test a variety of drugs used in the treatment of rheumatoid arthritis, we showed that aspirin, phenylbutazone, sodium aurothiomalate, hydroxychloroquine, Dpenicillamine, azathioprine, cyclophosphamide, and prednisolone were all capable of suppressing cellular exudation in an acute inflammatory response induced by dead tubercle bacilli. However, unlike the other drugs investigated, sodium aurothiomalate, hydroxychloroquine, and D-penicillamine were incapable of suppressing protein exudation under the same experimental conditions.
The findings suggested the possibility that the model might provide a basis for categorizing drugs according to their mode of action in rheumatoid arthritis. For this reason we have now used the same test system to investigate alclofenac, a drug for which there have been claims that it may have a delayed effect in rheumatoid arthritis (Aylward et al., 1975) similar to that of sodium aurothiomalate and D-penicillamine. We have also investigated flurbiAccepted for publication July 27, 1976 Correspondence to Prof. H. L. F. Currey profen, at present being developed as a new antiinflammatory and analgesic agent. The effects of both drugs have been compared with prednisolone, a known potent anti-inflammatory drug.
Materials and methods
Sprague-Dawley rats weighing 250-300 g were used throughout. The preparation, implantation, and processing of the polyurethane foam cubes followed the procedure described previously (Clarke et al., 1975) . Each cube weighing 17 mg was impregnated with a suspension of heat-killed Myco. tuberculosis (approximately 0 3 mg dry organisms per cube) and dried and sterilized before implantation. Four such cubes were implanted subcutaneously at separate sites into the flanks of each rat. The animals were killed 5 days later and the cubes removed. All three drugs were administered as single daily doses from day 0 to day +4. Suspensions of alclofenac and flurbiprofen in 0 25 % carboxymethylcellulose were given by oral feeding tube, while prednisolone dissolved in arachis oil was injected intraperitoneally.
The doses used are shown in the In this study we examined 5 ,um sections of cubes which had been stained by the Feulgen technique to show nuclear DNA, and the detection level of the image analyser was adjusted to detect Feulgenpositive material alone. The profile of cell density was measured by examining the area occupied by Feulgen-positive material in each of eight sequential microscope fields from the periphery to the centre of cubes at x 10 objective magnification; thus, each individual field covered a distance of 600 um in width. The mean profile of cell density for each dose level was calculated from ten such sequential measuring operations at randomly selected areas of different cubes. The overall shapes of the profiles of cell density in separate cubes were remarkably consistent and reproducible at each dose level, so that the mean of 10 such profiles for each dose level reflects the pattern of cell density both quantitatively and qualitatively.
Results

PROTEIN CONTENT OF FLUID EXUDATE (TABLE, FIG. la)
A dry weight gain of about 30 mg represents complete suppression of fluid exudation in the inflammatory response attributable to the tubercle bacilli in the cubes. This degree of suppression was achieved by both prednisolone and flurbiprofen at dosage levels which produced few deaths among the animals, but in the case of alclofenac it was achieved only with doses which killed many of the animals. In terms of relative potency the dose-response line for alclofenac shows it to occupy approximately the same position as aspirin did in the previous studies, while, impressively, flurbiprofen is equipotent with prednisolone. "r \so\Prednisolone not reflected in this simple depth measurement. In particular, certain doses of alclofenac appeared to have produced a relatively cell-free area at the periphery of the cube, while leaving a dense infiltrate more deeply situated (Fig. 2b, c group
PATTERN OF CELL DENSITY (FIGS. 2, 3)
In the control rats, microscope examination of sections of cubes impregnated with dead tubercle bacilli and removed 5 days after subcutaneous implantation showed the presence of a cellular infiltrate which was most dense at the periphery of the cube and progressively less dense towards its centre (Fig. 2a) . The cells of this infiltrate comprised about 95 % neutrophil polymorphs and 5 % macrophages. Image analysis confirmed that there was a progressive diminution of the area (and therefore the volume) of the cube section occupied by nuclear DNA away from the periphery of the cubes in the control animals (Fig. 3) , about 20% of the cube being occupied by nuclear DNA at the periphery and falling progressively to less than 2 % at a distance of 3 6 mm into the cube. Treatment with prednisolone in doses in excess of 12-5 mg/kg per day caused a marked reduction in cell infiltration and cell density so that less than 5 % of the cube was occupied by nuclear DNA even at the periphery (Fig. 3c) . With doses of prednisolone between 1-5 and 6-25 mg/kg per day it was found that the lower doses were more effective than the higher in reducing cell density in the peripheral 2-4 mm of the cube (Fig. 3a) . Moreover, at a dose of 6 25 mg/kg per day, the presence of a zone of loose granulation tissue at the periphery of the cube resulted in lower cell density in this region.
Flurbiprofen in doses of 18-24 mg/kg per day produced the same marked reduction of cell density (Fig. 3b) as did the highest doses of prednisolone. However, at doses of 3-9 mg/kg per day there was an increase in cell density in the peripheral 1 2 mm of the cube when compared with the control cubes (Fig. 3b) , but with suppression of cell density below control level beyond this distance. In the case of these lower doses of flurbiprofen the increased cell density was due to the presence of increased numbers of neutrophil polymorphs at the periphery of each cube.
When alclofenac was given in doses of 120 and 240 mg/kg per day an interesting phenomenon was observed: cell density was reduced to below 5 % at the periphery, but increased to join the control curve at about 25 mm into the cube (Fig. 3c) . At 480 mg/kg per day there was an overall reduction in cellular infiltration, although the cell density was again greater at some distance from the periphery (Fig. 3c) . Microscopy showed that the low cell density at the periphery of the cubes with doses of alclofenac between 120 and 480 mg/kg per day was due to the presence of a relatively cell-free zone at the periphery, containing scattered macrophages, between the edge of the cube and the neutrophil-rich exudate (Fig. 2b, c, d ).
Discussion
The results obtained in these experiments have to be viewed in the light of our previous experience with this acute inflammatory model (Clarke et al., 1975) . Flurbiprofen is one of a series of new anti-inflammatory and analgesic agents developed with the object of producing a more potent but less toxic drug for use in conditions such as rheumatoid arthritis. The findings presented here show flurbiprofen to be extremely potent in this rat antiinflammatory assay, such that it is capable of suppressing the protein content of the fluid exudate and cellular exudation to the same extent, and in the same dosage range, as prednisolone. This confirms the potency of this preparation in other models of inflammation in rodents reported by Adams et al. (1975) and by Ishii et al. (1975) .
Alclofenac was studied because of the recent claim (Aylward et al., 1975) that it may exert a delayed effect in rheumatoid arthritis, possibly similar to that of sodium aurothiomalate, chloroquine, and D-penicillamine-the three drugs which in our previous study using this assay system (Clarke et al., 1975) were found to suppress cellular infiltration into the tubercle-impregnated cubes in doses which did not influence the protein content of the fluid exudate. In fact, in the present studies alclofenac appeared to inhibit both cellular and fluid exudation in approximately the same dosage range (although studies of the density of cellular exudation provided evidence that alclofenac influenced this parameter in an unusual way-see below). It is possible that alclofenac (like the 'immunosuppressive' agents) is anti-inflammatory in addition to any 'delayed' effect it may have in rheumatoid arthritis. Alclofenac was considerably less potent than the other two drugs tested.
In the present study we have used an image analysing computer to carry out a preliminary study of the distribution of cellular exudation. This has proved to be a much more sensitive and less subjective indicator of the intensity and extent of cellular exudation than the method of measuring the overall 'depth' of the cellular infiltrate microscopically with a graticule eyepiece. Various interesting findings have emerged from this study of cellular exudation by image analysis.
(1) Flurbiprofen was impressively equipotent with the higher doses of prednisolone in suppressing cellular exudation, and both drugs were capable of producing an almost complete absence of inflammatory cells in the cubes. (2) With doses of prednisolone below 6-25 mg/kg per day, the lower doses were more effective than the higher in suppressing cellular exudation. The reason for this is obscure but it is consistent with previous findings that low doses of corticosteroids stimulate macrophage phagocytic activity and an increase of inflammatory exudate (Nicol et al., 1965 (Nicol et al., , 1967 . (3) Low doses of flurbiprofen increased the density of inflammatory cells in the peripheral margin of the implanted cubes but reduced the extent to which cells entered the cubes beyond this point. This could be interpreted as showing that low doses of flurbiprofen are unable to prevent the migration of inflammatory cells through the walls of blood vessels at the inflammatory site (i.e. do not affect vascular permeability to cells), but at the same time the chemotactic migration of the cells deeper into the inflammatory site is inhibited.
(4) Alclofenac results in the formation of a relatively cell-free zone between the edge ofthe implanted cubes and a band of neutrophil polymorphs within the cubes. One explanation for this interesting phenomenon could be that the inflammatory cells initially migrate into the cubes to the same extent as in the untreated control animals, but that alclofenac exerts its anti-inflammatory action in a delayed manner so that the migration of the cells which would normally follow the initial influx are suppressed (i.e. there is a delayed inhibition of exudation). Alternatively, alclofenac could conceivably exert a direct toxic effect on neutrophil polymorphs, so that the cells at the periphery of the cubes, being exposed to the higher concentrations of the drug, die to produce the cell-free zone. It is clear that further studies will be needed to clarify this phenomenon.
To our knowledge this is the first time that image analysis has been applied to the study of inflammatory exudates, and the findings show that the patterns of cellular exudation are far from uniform group.bmj.com on June 18, 2017 -Published by http://ard.bmj.com/ Downloaded from when influenced by drugs and that dose-related phenomena occur with individual drugs. The findings could provide useful pointers to the mechanism of action of anti-inflammatory agents. From a practical point of view it highlights the fact that in assay models of this type, a simple measure of the depth of cellular infiltration is probably not an adequate indication of the effect of drugs on the cellular component of the inflammatory reaction. In this regard we intend to develop the use of the image analysing computer as an objective means of recording the patterns of cellular infiltration in inflammatory sites.
Our interest in the cube implantation model is now extending to the use of cubes impregnated with tubercular protein (PPD) in rats previously sensitized with Freund's complete adjuvant. There are already indications that this may allow us to detect drug effects not apparent when an irritant as powerful as whole dead tubercle bacilli is used. It will be of interest to examine whether the unusual pattern of cellular exudation produced by alclofenac can be detected when this less irritant immunological stimulus is used. 
